Introduction {#Sec1}
============

Although obesity is a high risk factor for type 2 diabetes mellitus (T2DM) and cardiovascular disease, not all obese individuals are accompanied by insulin resistance or increased risk of T2DM and cardiovascular disease \[[@CR1]\]. Recent studies \[[@CR2]--[@CR4]\] have shown that viral infections are related to obesity. Eight kinds of viruses have been experimentally found to be associated with obesity \[[@CR5]\]. Among them, SMAM-1 and adenovirus type 36 (Ad36) infections can cause human obesity \[[@CR6]\]. Ad36-infection induces an increase in body weight and body fat, but causes metabolic phenotype changes like lower blood lipids, easily-controlled blood glucose \[[@CR1], [@CR7]\]. Ad36 infection decreases leptin expression and increases the expression of the anti-inflammatory cytokine adiponectin \[[@CR8], [@CR9]\], which play important roles in glucose and lipid metabolism. However, the mechanism underlying the effect of Ad36 induced adipocyte differentiation and changes in glucose and lipid metabolism is unclear.

Ad36 E4orf1 is the protein encoded by the first open reading frame of early gene E4 and plays an important role in the development of obesity \[[@CR10]\]. The C-terminal region of E4orf1 has a PDZ domain binding motif (PBM), which binds to Drosophila Disc Large-1 (Dlg-1) to form a complex \[[@CR11]\]. The complex will activate the PI3K/Akt signaling pathway \[[@CR10], [@CR12]\]. The activity of the transcription factor FoxO1 is regulated by Akt \[[@CR13], [@CR14]\]. FoxO1 it can bind to the PPARγ promoter region to inhibit the expression of PPARγ gene \[[@CR15]\]. We speculate that Ad36 may induce adipocyte differentiation and changes of glucose and lipid metabolism by regulating PI3K/Akt/FoxO1/PPARγ signaling pathway.

In this study, obese rat models were induced by Ad36 and high fat diet (HFD), respectively. The differences in body fat distribution, clinical biochemical indicators, insulin sensitivity and gene expression were compared. The regulation of glucose and lipid metabolism by Ad36 was further explored in vitro. In this study, the effects of transcription factors FoxO1 and PPARγ on their target genes were detected by chromatin immunoprecipitation (ChIP). The level of these genes was further detected by qRT-PCR and Western blot. Wortmannin, an inhibitor of PI3K, was used to further investigate the role of transcription factors FoxO1 and PPARγ and their downstream target genes in promoting adipocyte differentiation and lipid accumulation, and in regulating glucose and lipid metabolism.

Materials and methods {#Sec2}
=====================

Animals and grouping {#Sec3}
--------------------

A total of 80 SPF grade 4-week-old Wistar rats (weighing 180--220 g) were provided by the Experimental Animal Center of Xinjiang Medical University. After a week of adaptation, they were randomly divided into 4 groups: Control group, Ad2 infection group (the negative control group), HFD group and Ad36 infection group (*n* = 20 for each group). Rats in the Ad2 infection group and the Ad36 infection group were intraperitoneally injected with 5 × 10^6^ PFU virus suspension, respectively. The control group and the HFD group were intraperitoneally injected with an equal volume of physiological saline. The rats in the control, Ad36 and Ad2 groups were fed with normal diet, and the rats of the HFD group were fed with high-fat-diet. The weight of the rats was measured weekly. Serum neutralization test was used to determine whether Ad36 and Ad2 were successfully infected. All animal experiments were conducted according to the ethical guidelines of the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Xinjiang Medical University.

Glucose and insulin tolerance test {#Sec4}
----------------------------------

For intraperitoneal glucose tolerance test (IPGTT), overnight fasted (12 h) rats received a glucose load (4 m g/kg body weight) intraperitoneally. For insulin tolerance test (ITT), rat fasted for 4 h were injected intraperitoneally with 1 U/kg insulin (Actrapid, Novo Nordisk). For both tests, blood glucose was measured at the tail vein with a glucose oxidase assay (BioVision, Mountain View, CA, USA).

Sample collection and HE staining {#Sec5}
---------------------------------

After 20 weeks of treatment, the rats were fasted, anesthetized with 2.5% sodium pentobarbital, and sacrificed. Blood was collected from abdominal aorta. Serum was isolated after centrifugation at 3000 rpm for 10 min. Adipose tissue was collected in liquid nitrogen immediately and then transfer to − 80 °C freezer or fixed in 10% formalin solution. The liver was also collected and fixed in 10% formalin solution. As follows, first the tissue was dehydrated with a 70, 80, 90, 95 and 100% ethanol gradient and cleared with xylene. Then, the tissue was embedded in paraffin and cut into 3--4 μm sections. The tissue sections were stained with HE reagent. The cross-sectional area of intact adipocytes was measured using Motic Image Advanced 3.0 software (Motic medical diagnostic systems Co., Ltd., Xiamen, China), and finally the average value was calculated.

Blood biochemical analysis {#Sec6}
--------------------------

Blood glucose was measured by glucose oxidase method. Serum triglyceride was determined by glycerol phosphate oxidase-peroxidase method. Serum insulin was detected by radioimmunoassay, and serum adiponectin level was detected by ELISA. The insulin resistance index (HOMA-IR) was determined using the minimal steady-state model. The formula was: HOMA-IR = fasting blood glucose (mmol/L) × fasting insulin (mIU/L)/22.5.

Isolation and adipogenic induction of hADSC {#Sec7}
-------------------------------------------

The human adipose derived stem cells (hADSCs) were isolated from the subcutaneous adipose tissues of patients who underwent plastic surgery in the department of burn and plastic surgery, the First Affiliated Hospital of Xinjiang Medical University. Clinical and biochemical examinations confirmed that these subjects did not have acute inflammation, cancers, endocrine diseases or infectious diseases. The study was conducted under the hospital ethics committee approval and informed consent from individual was obtained. The methods of hADSCs isolation and identification were performed according to a previous protocol \[[@CR16]\]. For the adenovirus infection, hADSCs were first starved for 6 h, and then infected with 5 MOI Ad36 or Ad2 in a 37 °C, 5% CO~2~ incubator for 1 h. Ad2 was a negative control group. The virus suspension was discarded, and the cells were cultured with low-glucose DMEM containing 10% FBS. The medium was discarded after the first 48 h, and then changed every other day until further analysis.

Chromatin immunoprecipitation (ChIP) {#Sec8}
------------------------------------

The hADSCs were infected with or without Ad2 or Ad36 for 48 h and 72 h, respectively. Magna ChIP G Chromatin Immunoprecipitation Kit (Millipore Corporation, Billerica, MA, USA) was used to identify the regions of the genome associated with FoxO1 or PPARγ. The CHIP assays were performed as previously described, with modifications \[[@CR17]\] Briefly, cells were incubated for 10 min in 1% formaldehyde and then quenched with glycin for 5 min. After washing and cellular and nuclear lysis, chromatin breakdown was performed with an Ultrasonic Cell Disruptor (LANYI Shanghai, China). A preclear step was performed (1 h at 4 °C with 40 μl of magnetic beads) before overnight incubation of chromatin and beads with anti-FoxO1 or anti- PPARγ antibodies (CST, Danvers MA, USA). Cells were also submitted to a no-antibody condition (mock condition) to exclude non-specific binding. DNA purification was performed using the silica columns provided with the kit (Magna ChIP G, Millipore). The purified DNA samples were used as templates for qPCR detection. The primers used were shown in Table [1](#Tab1){ref-type="table"}.Table 1The primers of CHip-PCRGenePrimer sequence (5′ → 3′)Human Pparγ-forwardCCAGGAATAGACACCGAAAGAHuman Pparγ-reverseTGAGGGGCGTGAACGTACTHuman Acc-forwardCGAACGCAGCAATCAAATAAHuman Acc-reverseCGTCCAGCCTTGACATCTGHuman Glut4-forwardAAGACCAGTGAGGGTGATGGHuman Glut4-reverseCGCTCTCCTCGTTTATCCAGHuman Adipoq-forwardGTGCTCCCTTCTGAAGCACTHuman Adipoq-reverseGAAGATGGGGCAAAAGTCAAHuman Lpin1-forwardTTCACGCGAGACAGTGGTAGHuman Lpin1-reverseCTGTCTCCAGAGGAGGTTGG

The following PCR conditions were used: denaturation at 94 °C for 10 min, followed by 35 cycles of 94 °C for 20 s and 60 °C for 1 min. Each sample was repeated 3 times. The bands were quantified by relative quantitative analysis and calibrated with the amount of input.

Intervention of Wortmannin {#Sec9}
--------------------------

The experiment was performed with the following groups: blank control group, DMSO control group, Ad2 infection group, Ad2+ WM group, Ad36 infection group and Ad36 + WM group. The hADSCs were infected with 5 MOI of Ad2 and Ad36, respectively. Ad2 + WM group and Ad36 + WM group were intervened with 200 nmol/L WM simultaneously with adenovirus infection. The complete media were changed every two days. On the 6th day, oil red O staining or mRNA and protein expression detection was performed. Each group had three duplicate wells and three times of experiment was repeated.

Oil red O staining {#Sec10}
------------------

The hADSCs were treated as described above, and the complete culture medium in the petri dish was discarded. The cells were washed 3 times with PBS, fixed with 4% paraformaldehyde for 30 min. After washing with deionized water, oil red O solution was added and incubated for 15 min. Then, the cells were observed with an inverted microscope and photographed.

Determination of glucose concentration in the culture supernatant and intracellular triglyceride content {#Sec11}
--------------------------------------------------------------------------------------------------------

Cells were cultured with phenol red-free medium. After 0, 2, 4, 6, and 8 days of Ad36 or Ad2 infection, cell supernatant was collected, and the medium glucose concentration was determined with the glucose oxidase assay (BioVision, Mountain View, CA, USA). The cells were lysed with RIPA lysis, and the intracellular triglyceride content was measured with the triglyceride assay kit (BioSino, Beijing, China). The content of glucose and triglyceride were corrected by the total protein content in the culture dish.

Real-time quantitative PCR (qPCR) {#Sec12}
---------------------------------

RNA was extracted from adipose tissues and adipocytes using TRIZOL reagent (Invitrogen, USA). The reverse transcription was performed with Reverse Transcription System (Promega, Madison, WI, USA). Real-time PCR was performed on an ABI 7500 Real-time PCR System (Applied Biosystems, Foster City, CA, USA). The qPCR was performed with the SYBR Select Master Mix (ABI, Carlsbad, CA, USA), and all reactions were performed in triplicate. The following PCR condition was used: denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The primers for qPCR were synthesized by Sangon Biotech (Shanghai, China) and the primer sequences were listed in Table [2](#Tab2){ref-type="table"}.Table 2The primers of qRT-PCRGenePrimer sequence (5′ → 3′)Human actin-ForwardGAGCACAGAGCCTCGCCTTTHuman actin-ReverseGAGCGCGGCGATATCATCAHuman FoxO1-forwardGGCTGAGGGTTAGTGAGCAGHuman FoxO1-reverseAAAGGGAGTTGGTGAAAGACAHuman Pparγ-forwardGGGATCAGCTCCGTGGATCTHuman Pparγ-reverseTGCACTTTGGATCTCTTGAAGTTHuman Adipoq-forwardAACATGCCCATTCGCTTTACCHuman Adipoq-reverseTAGGCAAAGTAGTACAGCCCAHuman Lpin1-forwardGCTGGAGAGGGAGAGAGGATHuman Lpin1-reverseGGTGGCTGCTGTTAGGACAHuman Acc-forwardTCCGCACTGACTGTAACCACHuman Acc-reverseGCGACTTCCATACCGCATTAHuman Glut4-forwardTGGGCGGCATGATTTCCTCHuman Glut4-reverseGCCAGGACATTGTTGACCAGRattus actin-ForwardAGCCATGTACGTAGCCATCCRattus actin-ReverseACCCTCATAGATGGGCACAGRattus Acc-forwardTACAACGCAGGCATCAGAAGRattus Acc-reverseTGTGCTGCAGGAAGATTGACRattus APN-forwardAATCCTGCCCAGTCATGAAGRattus APN-reverseTCTCCAGGAGTGCCATCTCTRattus Lpin1-forwardCCATTCACAGCGAGTCTTCARattus Lpin1-reverseTGGAAGGGGAATCTGACTTGRattus Glut4-forwardGCTTCTGTTGCCCTTCTGTCRattus Glut4-reverseTGGACGCTCTCTTTCCAACT

Western blot analysis and immunoprecipitation {#Sec13}
---------------------------------------------

Cells were lysed with the RIPA, and the total protein concentration was determined with the BCA method. Protein samples were separated by SDS-PAGE, and then transferred onto a PVDF membrane (Bio-Rad, Hercules, CA, USA). After blocking with 5% blocking buffer at room temperature for 2 h, the membrane was incubated with the primary antibody (1:1000 dilution; CST, Danvers, MA,USA) at 4 °C overnight. The membrane was then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (ZSGB-BIO, Beijing, China) at room temperature for 1 h. Color development was performed with the electrochemiluminescence (ECL) method. The protein bands were scanned by the image acquisition system (Bio-Rad), and the images were analyzed with the Image J software.

Statistical analysis {#Sec14}
--------------------

The statistical analysis was performed with the statistical software SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Analysis of variance (ANOVA) or the Student's *t* test was used. Data were expressed as mean ± SEM (standard error of mean). A *P* value less than 0.05 was considered as statistically significant.

Results {#Sec15}
=======

Ad36 infection increases rat body weight but does not affect insulin sensitivity {#Sec16}
--------------------------------------------------------------------------------

To determine the effect of Ad36 on insulin sensitivity, clinical parameters were measured, and the IPGTT and ITT were performed. At Week 0, the rats in each group had similar body weights. Compared with the blank control group, the body weights of the HFD group and the Ad36 group were significantly increased at Week 4, 8, 12, 16 and 20 (*P* \< 0.05, Fig. [1](#Fig1){ref-type="fig"}a). Blood biochemical results showed that compared with the control group, the blood glucose, triglyceride, serum insulin, and HOMA-IR were significantly increased in the HFD -induced obese rats, and serum adiponectin levels were decreased (Table [3](#Tab3){ref-type="table"}) (*P* \< 0.05). Ad36-induced obese rats had reduced triglyceride concentrations, while serum adiponectin levels were elevated (*P* \< 0.05). However, blood glucose, insulin, and HOMA-IR levels were not statistically different from the Control group (Table [3](#Tab3){ref-type="table"}).Fig. 1The effect of Ad36 infection on the body weight and insulin sensitivity of rats. The rats were intraperitoneally injected with 5 × 10^6^ CFU virus suspension, and the (**a**) body weight was measured; (**b**) the blood glucose levels and (**c**) the area under curve (AUC) of IPGTT; and (**d**) the blood glucose levels and (**e**) the area under curve (AUC) of ITT were shown. HFD was used as the positive control, and Ad2 was used as the negative control. \* *P* \< 0.05, compared with the control group; ^\#^ *P* \< 0.05, compared with the HFD groupTable 3The comparison of biochemical parametersGroupsGlucose (mM)Triglyceride (mM)Insulin (mU/L)Adiponectin (μg/mL)HOMA-IRBlank control5.90 ± 1.380.84 ± 0.0448.36 ± 7.330.89 ± 0.2312.72 ± 3.01Ad2 infection6.48 ± 0.900.85 ± 0.1043.89 ± 8.461.01 ± 0.2810.76 ± 2.51HFD8.36 ± 1.37\*2.06 ± 0.63\*57.26 ± 9.31\*0.56 ± 0.13\*21.81 ± 3.31\*Ad36 infection5.71 ± 1.520.70 ± 0.01\*48.33 ± 10.061.23 ± 0.33\*12.56 ± 2.13Note**:** *HFD* high fat diet, *HOMA-IR* Homeostasis model assessment of insulin resistance. \* *P* \< 0.05, compared with the Control group

The results of IPGTT showed that the glucose concentration increased rapidly after intraperitoneal injection of glucose in each group, and gradually decreased after reaching the peak at 15 min. In the HFD group, glucose concentration and area under the curve (AUC) at 0,15, 30, 60 and 120 min after injection were significantly higher than those of the Control group (*P* \< 0.05). There was no significant difference in blood glucose or AUC between the Ad36-infection group and the Control group (*P* \> 0.05, Fig. [1](#Fig1){ref-type="fig"}b and c), suggesting that the rats in the Ad36 infection group had better glucose tolerance than the HFD group.

ITT results showed that the concentrations of glucose and AUC in the HFD group at 20, 40, 90 and 120 min after injection were higher than those in the Control group (*P* \< 0.05). However, there was no significant difference in blood glucose level and AUC between the Ad36 infection group and the Control group (*P* \> 0.05, Fig. [1](#Fig1){ref-type="fig"}d and e) at each time point after glucose injection, suggesting that Ad36-infected rats were obese but the insulin sensitivity was not compromised.

Ad36 infection does not cause liver steatosis and adipocyte hypertrophy {#Sec17}
-----------------------------------------------------------------------

To determine whether Ad36 induced obesity may cause lipid heterotopic deposition, HE staining was performed. Liver lobule structure was clear and complete in the liver tissue sections in the blank control group, Ad2 infection group, and Ad36 infection group. The hepatocyte structure was complete, the cytoplasm was uniformly red stained, and no fat droplets, denaturation and necrosis were observed. In the HFD group, there was a large number of small lipid droplets in the hepatocytes were at the 20th week. A small number of hepatocytes showed balloon-like changes but inflammatory cell infiltration and focal necrosis were not observed (Fig. [2](#Fig2){ref-type="fig"}a). Compared with the blank control group, the adipocyte area in the adipose tissue of the HFD group was significantly increased (*P* \< 0.05), while the Ad36-induced obese rats had smaller adipocyte area than the blank control group, but the difference was not statistically significant (*P* \> 0.05, Fig. [2](#Fig2){ref-type="fig"}b). The above results indicate that although the body weight of rats increases after Ad36 infection, there is no fat deposition in liver cells.Fig. 2The effect of Ad36 infection on the lipid deposition in liver and the related gene expressions. **a** After infected with Ad36, the liver and adipose tissues were collected and sectioned. The H&E staining was performed and the sections were photographed. **b** The area of adipocytes after Ad36 infection was calculated from the HE stained sections. **c** The expression levels of Acc, Adipoq, Lpin1 and Glut4 in the adipose tissues after Ad36 infection were determined by quantitative PCR. HFD was used as the positive control, and Ad2 was used as the negative control. \* *P* \< 0.05, compared with the control group; ^\#^ *P* \< 0.05, compared with the HFD group

Changes of gene expression in the adipose tissue of Ad36-induced obese rats {#Sec18}
---------------------------------------------------------------------------

To detect the difference of adipocytokines expression between Ad36 and HFD induced obese rats, qPCR was performed. Compared with the control group, the expression of Glut4, Lpin1 and Adipoq in the adipose tissue of Ad36 group increased significantly, while the expression of Glut4 and Adipoq in the adipose tissue of HFD group decreased (*P* \< 0.05). Compared with the HFD group, the expression of Glut4, Lpin1 and Adipoq in the adipose tissue of Ad36-induced obese rats was also significantly increased (*P* \< 0.05, Fig. [2](#Fig2){ref-type="fig"}c).

Taken together, these results indicated that although the body weight of rats increased after Ad36 infection, the blood glucose and blood triglyceride levels did not increase, insulin sensitivity was normal, and lipid ectopic deposition did not occur, which were unlike high-fat induced obesity. This may be due to changes in the level of adipocytokines that affect the metabolism of glucose and lipids.

Ad36-induced hADSC shows increased transcriptional activity of PPARγ and downstream target genes {#Sec19}
------------------------------------------------------------------------------------------------

To determine the effect of Ad36 on transcriptional activity of adipocytokines in vitro, ChIP was performed. In the in vitro experiment of Ad36-induced hADSC adipogenesis, the ChIP -PCR product was calibrated using the amount of input and the results showed that PPARγ promoter region DNA fragments were amplified from the precipitated chromatin fragments by FoxO1 antibody (Fig. [3](#Fig3){ref-type="fig"}a). Compared with the 0-h non-infection group, the amount of the precipitated PPARγ decreased by 3.27 times after 24 h of induction with Ad36, and the immunoprecipitation amount decreased by 4.7 times after 48 h of induction (Fig. [3](#Fig3){ref-type="fig"}a). After precipitation with anti-PPARγ antibody, the quantitative analysis showed that compared with the 0-h non-infection group, the amount of precipitated Acc (Fig. [3](#Fig3){ref-type="fig"}b), Adipoq (Fig. [3](#Fig3){ref-type="fig"}c) and Lpin1 (Fig. [3](#Fig3){ref-type="fig"}d) after 48 h of Ad36 induction increased by 8.99, 7.86, and 2.10 folds, respectively. The amount of precipitated Acc (Fig. [3](#Fig3){ref-type="fig"}b), Adipoq (Fig. [3](#Fig3){ref-type="fig"}c), Lpin1 (Fig. [3](#Fig3){ref-type="fig"}d) and Glut4 (Fig. [3](#Fig3){ref-type="fig"}e) after 72 h of Ad36 induction increased by 8.58, 27.77, 2.78 and 1.84 folds, respectively, and the differences were statistically significant (*P* \< 0.05). The results showed that the binding rate between FoxO1 and PPARγ promoter region was significantly decreased by Ad36, but the binding rate of PPARγ to Acc, Adipoq, Lpin1 and Glut4 was enhanced.Fig. 3Ad36-induced hADSC showed increased PPARγ and downstream target gene transcription activity. **a** Ad36 reduced FoxO1 binding to PPARγ promoter region. **b**-**e** Ad36 increased PPARγ binding ability to Acc, Adipoq, Lpin1 and Glut4 promoter regions. Ad2 was used as the negative control. \* *P* \< 0.05, compared with the 0-h non-infection group

Effect of Ad36 induction on the expression of FoxO1 and PPARγ genes {#Sec20}
-------------------------------------------------------------------

The hADSCs were infected with 5MOI of Ad36 and Ad2, and the expression of FoxO1 and PPARγ mRNA was detected on the 0th, 2nd, 4th, 6th and 8th days by qPCR. Compared with that on the 0th day, the FoxO1 mRNA expression levels on the 2nd, 6th, and 8th days after Ad36 infection decreased, and the difference was statistically significant (*P* \< 0.05) (Fig. [4](#Fig4){ref-type="fig"}a). The mRNA expression levels of PPARγ on the 2nd, 4th, 6th and 8th day were 1.78, 2.20, 3.04, and 2.19 times of that on the 0th day, and the difference was statistically significant (*P* \< 0.05, Fig. [4](#Fig4){ref-type="fig"}b).Fig. 4The effect of Ad36 induction on FoxO1 and PPARγ gene expression. **a**-**b** The effect of Ad36 induction on T-FoxO1 and PPARγ gene expression; (**c**-**d**) Changes of T-FoxO1 and P-FoxO1 protein expression after Ad36 induction; (**e**-**f**) Changes of PPARγ protein expression after Ad36 induction. Ad2 was used as the negative control. \* *P* \< 0.05, compared with the 0-day non-infection group

Protein expression changes of FoxO1 and PPARγ were detected by Western blot. The amount of FoxO1 also decreased, but the phosphorylated FoxO1 protein increased on the 2nd, 4th, 6th and 8th days, compared to the 0th day (Fig. [4](#Fig4){ref-type="fig"}c and d), and thus the ratio of p-FoxO1/FoxO1 significantly increased (*P* \< 0.05). The PPARγ gene has two transcripts, i.e. PPARγ1 and PPARγ2, of which PPARγ2 is specifically expressed in adipocytes and is often used as a marker gene for the differentiation of adipocytes \[[@CR18]\]. The results of this experiment showed that the expression of PPARγ2 was increased on the 2nd, 4th, 6th and 8th day, compared with that on the 0th day (*P* \< 0.05) (Fig. [4](#Fig4){ref-type="fig"}e and f). These results suggest that Ad36 increases the expression of P-FoxO1 and PPARγ2, which affect adipose cell differentiation.

Ad36 induces adipogenesis of hADSC by changing the expression of glycolipid metabolism genes {#Sec21}
--------------------------------------------------------------------------------------------

To further detect the expression of adipocytokines, qPCR was performed. Compared with that on Day 0, the expression of Acc gene was significantly increased on Day 4 and Day 6 after Ad36 infection (Fig. [5](#Fig5){ref-type="fig"}a) (*P* \< 0.05). The mRNA levels of Adipoq, Lpin1 and Glut4 were all increased on the 4th, 6th and 8th day after Ad36 infection (*P* \< 0.05, Fig. [5](#Fig5){ref-type="fig"}b, c and d). Additionally, Western blot was also used. Compared with that on Day 0, the protein expression levels of LPIN1 and ADIPOQ were significantly increased on Day 4, 6 and 8 after Ad36 induction (*P* \< 0.05), and the ratio of phosphorylated ACC to total ACC gradually decreased on Day 2, 4, 6 and 8 (*P* \< 0.05). The expression of GLUT4 protein in cell membrane was significantly increased on Day 4, 6 and 8 after Ad36 infection (*P* \< 0.05, Fig. [5](#Fig5){ref-type="fig"}e and f).Fig. 5Ad36 induces adipogenesis of hADSC by increasing the expression of glucolipid metabolism associated genes. **a**-**d** Changes of Acc, Adipoq, Lpin1 and Glut4 mRNA expression after Ad36 induction; (**e**) Changes in the expression level of the downstream target proteins of PPARγ after Ad36 induction; (**f**) Quantification of the Western blot bands of the downstream target proteins of PPARγ; (**g**) Changes in the concentration of glucose in the medium; (**h**) Changes in intracellular triglyceride levels. Ad2 was used as the negative control.\* *P* \< 0.05, compared with the 0-day non-infection group

The content of glucose in the culture supernatant of hADSC after Ad36 infection was detected and was corrected by the total protein content in the culture dish, which indirectly reflected the glucose uptake ability of the cells. Compared with that on day 0, the glucose concentration in the supernatant of the Ad36-infected hADSC on the 2nd, 4th, 6th and 8th days were reduced (*P* \< 0.05), and the glucose concentration on the 6th day reached the lowest (Fig. [5](#Fig5){ref-type="fig"}g). The intracellular triglyceride content was determined by the GPO-PAP method and was corrected for total cellular protein. The content of intracellular triglyceride was significantly increased on the 6th and 8th day after the induction of Ad36 (*P* \< 0.05), and the content of triglyceride on the 8th day was the highest (Fig. [5](#Fig5){ref-type="fig"}h). These results suggest that Ad36 induces adipogenesis of hADSC by effecting the expression of glycolipid metabolism genes.

Wortmannin inhibits adipogenesis of hADSC {#Sec22}
-----------------------------------------

The results of the oil red O staining on the 6th day after the intervention showed that the lipid droplets in the Ad36 + Wortmannin group were obviously reduced compared to those in the Ad36 infection group (Fig. [6](#Fig6){ref-type="fig"}a). The level of glucose in the culture medium was significantly decreased after the induction of Ad36 (*P* \< 0.05). After adding Wortmannin (Ad36 + Wortmannin group), the glucose content in the medium was higher than that in the Ad36 infection group (*P* \< 0.05, Fig. [6](#Fig6){ref-type="fig"}b). These suggest that Wortmannin inhibits the uptake of glucose in Ad36-induced cells.Fig. 6Wortmannin inhibits adipogenesis of hADSC. **a** Oil red O staining was performed to detect the lipid droplet in hADSC; (**b**) The concentration of glucose in the culture medium; (**c**) The protein expression levels of Akt, FoxO1 and PPARγ were detected by Western blot; (**d**) The mRNA expression levels of Acc, Adipoq, Lpin1 and Glut4 were measured by quantitative PCR. Ad2 was used as the negative control. \* *P* \< 0.05, compared with the control group; ^\#^ *P* \< 0.05, compared with the Ad36 infection group

Western blot was used to detect the effect of Wortmannin on PI3K-induced target protein Akt. The results showed that the expression of P-Akt protein, P-FoxO1 protein and PPARγ2 in the Ad36 + Wortmannin group was lower than that in the Ad36 infection group (Fig. [6](#Fig6){ref-type="fig"}c). The mRNA expression levels of the downstream target genes of PPARγ, including Acc, Adipoq, Lpin1 and Glut4, significantly decreased after Wortmannin intervention compared with the Ad36 infection group (*P* \< 0.05, Fig. [6](#Fig6){ref-type="fig"}d). These results suggest that Wortmannin may inhibit Ad36-induced adipogenesis through the PI3K/Akt signaling pathway.

Discussion {#Sec23}
==========

Obesity is considered to be a non-infectious, chronic, low-grade inflammatory state \[[@CR19]\]. Although obesity is an important cause of insulin resistance, not all obese individuals have insulin resistance. Viral infection is considered to be a cause of obesity, which breaks the traditional understanding of the causes of obesity. The results of our previous study found that the Ad36 infection rate in Uygur obese population was significantly higher than that in non-obese populations, but blood triglyceride levels were reduced after Ad36 infection \[[@CR20]\].

This study used Wistar rats as the research objects to establish two obesity models respectively induced by HFD and Ad36 infection. The body weight, clinical biochemical indicators, pathological morphology and gene expression were analyzed to evaluate the differences between the two types of obesity models. The results showed that the body weight of the HFD and Ad36-infected group was significantly increased, which is consistent with the previous findings of Dhurandhar et al. \[[@CR21]\]. Obesity caused by a HFD shows excessive accumulation of triglycerides in visceral fat cells and increased cell tension \[[@CR22]\]. In order to maintain its own steady-state regulatory role, the body tends to redistribute fat and/or increase catabolism, resulting in a large amount of free fatty acid (FFA) overflow and increase of blood FFA levels \[[@CR23]\]. The increase in FFA may cause dyslipidemia on the one hand, and on the other hand it may inhibit the use of glucose, reduce the sensitivity of insulin, and promote insulin resistance \[[@CR24]\]. In addition, adipose hypertrophy causes excessive feedback on fat storage signals, resulting in disorders of adipocytokines and decrease in the ability of surrounding tissues to take up and use glucose \[[@CR25]\]. The excessive glucose continuously stimulates islet β cells to secrete large amounts of insulin, which can induce the synthesis of triglycerides from fatty acids and glucose and lead to the accumulation of triglycerides in the liver \[[@CR26]\]. Therefore, there is fat ectopic metastasis and hepatic steatosis in HFD rats \[[@CR27]\]. However, levels of blood glucose and triglycerides did not increase significantly in obesity model induced by Ad36 infection. In addition, IPGTT and ITT results did not indicate impaired glucose tolerance and insulin sensitivity. HE staining results showed that Ad36-induced obese rats did not exhibit excessive lipid accumulation in fat cells and ectopic deposition of lipids in the liver.

FoxO1 and PPARγ are important transcription factors that affect the differentiation of adipocyte. FoxO1 expression and protein function are regulated at multiple levels, including regulation of transcription, post-translational modification and protein-protein interaction. Post-translational modifications such as phosphorylation, ubiquitination and acetylation directly affect the subcellular localization, transcriptional activity and stability of FoxO1 protein. Under basic conditions, FoxO1 inhibits the expression of PPARγ by binding to the promoter of PPARγ, thereby inhibiting the differentiation of adipocytes \[[@CR28]\]. Ad36-induced Akt activation significantly increases the phosphorylation of FoxO1 protein \[[@CR12]\]. Phosphorylated FoxO1 protein is translocated from the nuclear to the cytoplasm, thus weakening the transcriptional inhibition of PPARγ \[[@CR29]\]. In this study, there was no significant change in PPARγ1 protein expression after Ad36 infection, but PPARγ2 protein was significantly higher, suggesting PPARγ2 is the main transcription factor promoting the adipocyte differentiation \[[@CR18]\].

As predicted by the online software (<http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3>) (data not shown), PPARγ may bind to the promoter regions of Acc, Adipoq, Lpin1 and Glut4 genes. Our results by ChIP assay found that the binding and transcriptional activities of PPARγ to Acc, Adipoq and Lpin1 promoter DNA were significantly enhanced after the induction by Ad36. Maeda et al. \[[@CR30]\] showed that adiponectin knockout rats developed significant symptoms of insulin resistance, such as hyperglycemia and hyperinsulinemia, after feeding high-sugar and HFD. This insulin resistance was significantly improved after supplementation with adiponectin. In this study, obesity induced by HFD rats showed abnormal clinical manifestations such as hyperglycemia, hypertriglyceridemia, impaired glucose tolerance and impaired insulin resistance. The expression of Adipoq in serum and adipose tissue was significantly lower than that in the control group. However, the expression of adiponectin in the serum and adipose tissue of Ad36-induced obese rats was increased.

Lpin, including Lpin1, Lpin2 and Lpin3, is a recently discovered gene family that bi-directionally regulates body fat metabolism \[[@CR31]\]. High expression of Lpin1 in adipose tissue and skeletal muscle can cause obesity \[[@CR32]\], but the insulin sensitivity is different in the two tissues. Lipin 1 mRNA levels in abdominal visceral adipose tissue were negatively correlated with body mass index, body fat ratio, plasma triglyceride, and plasma leptin levels, and positively correlated with PPARγ and adiponectin mRNA levels in abdominal visceral and subcutaneous adipose tissue \[[@CR33]\]. Our results showed that the expression of Lpin1 in adipose tissue was significantly increased after Ad36 infection. This may be due to that Lpin1 promotes the accumulation of triglyceride in adipose tissue and preventing the lipid ectopic deposition in skeletal muscle or islet β cells; Or because Lpin1 promotes the expression of Glut4, so that fat cells can take glucose more efficiently \[[@CR34]\].

The above results indicate that Ad36 infection changes the expression levels of the transcription factors of FoxO1 and PPARγ, and a series of genes related to glucose and lipid metabolism, promotes Ad36-induced differentiation of hADSC into adipocytes, and increases glucose uptake capacity. It is reported that Ad36 E4orf1 binds to Dlg-1 protein through its PBM to form a complex and penetrates the cell membrane to activate the PI3K/Akt signaling pathway \[[@CR10], [@CR11], [@CR35]\]. To confirm whether Ad36 affects FoxO1 and downstream gene expression through activated protein kinase Akt, we used the PI3K inhibitor WM. The results of oil red O staining on the 6th day of WM intervention showed that Ad36 induced rounding of the cells, and 70 to 80% of the cells showed red lipid droplets and started fusion. Compared with the Ad36 alone group, the phosphorylated Akt protein decreased after WM treatment, which reduced the phosphorylation level of FoxO1 protein. FoxO1 in the nucleus inhibited the expression of PPARγ, and the lipid droplets in the cells were significantly reduced. WM intervention reduced the adipogenic ability of hADSC induced by Ad36.

Conclusions {#Sec24}
===========

Ad36 increases the expression of Acc, Lpin1, Glut4 and Adipoq possibly by activating the PI3K/Akt/FoxO1/PPARγ signal pathway, promoting the synthesis of fatty acids and triglycerides, and improving insulin sensitivity.

Ad36

:   Adenovirus type 36

AUC

:   area under the curve

Dlg-1

:   Drosophila Disc Large-1

hADSCs

:   human adipose derived stem cells

HFD

:   high fat diet

IPGTT

:   intraperitoneal glucose tolerance test

ITT

:   insulin tolerance test

PBM

:   PDZ domain binding motif

T2DM

:   type 2 diabetes mellitus

WM

:   Wortmannin
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